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Abstract 
Abstract of thesis entitled: 
Molecular Study of Arabidopsis Endomembrane Protein 70 kPa (AtEMP) 
Family Proteins 
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for the degree of Master of Philosophy 
at the Chinese University of Hong Kong in September 2009 
Our recent proteomic analysis of Arabidopsis prevacuolar compartment (PVC) 
has identified an uncharacterized integral membrane protein (ATIG14670) that 
belongs to the endomembrane protein 70kDa (EMP70) family proteins also 
found in yeast and mammalian cells with unknown function. The Arabidopsis 
genome contains ten EMP70 homologs termed AtEMPl-10 with unknown 
localization and function. As a first step to study the AtEMP function, I use 
multiple approaches to study the subcellular localization of selective AtEMPs in 
plant cells. First, anti-AtEMPs antibodies were generated using synthetic 
peptides. Second，both selective AtEMP-GFP and GFP-AtEMP fusions were 
generated and expressed in transgenic tobacco BY-2 cells or Arabidopsis 
protoplasts for subcellular localization study. Last, immunogold electron 
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microscope (EM) with AtEMP antibodies was further used to identify 
compartments with EMP proteins in plant cells. I have demonstrated that both 
endogenous AtEMPs and GFP-AtEMP fusions localize to Golgi apparatus 
whereas AtEMP-GFP fusions are targeted to PVCs, indicating the presence of 
targeting sequences in the cytosolic tail of AtEMPs. The unique Golgi 
localization of AtEMPs, rather than the PVC localization of EMPs in yeast or 
animal cells, may implicate their distinct functions in plants . . 
摘要 
我們在擬南芥(Ambidopsis thaliana)的液泡前體(prevacuolar compartment, 
PVC)蛋白質體學分析中’辨出一個未被研究的膜蛋白AT1G14670，它屬 
於內膜蛋白70千道爾頓（endomembrane protein 70 kDa，EMP70)蛋白家族 
的一員，此家族在酵母菌(Saccharomyces cerevisiae)及哺乳動物細胞中都 




fluorescent protein, GFP)標記，生成了 AtEMPs-GFP 及 GFP-AtEMPs 融合 
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1.1 The Plant Secretory and Endocytic Pathways 
All eukaryotic cells possess a secretory pathway that is comprised of an 
endomembrane system for the transport of newly synthesized proteins. The 
endomembrane system includes the rough endoplasmic reticulum (rER) for 
protein translation, the Golgi apparatus for post-translational modifications, and 
the tubular-vesicular trans-Qolgi network (TGN)，from where proteins with 
vacuolar sorting determinants (VSDs) are recognized by vacuolar sorting 
receptors (VSRs) and packed into the clathrin-coated vesicles (CCVs) for 
further delivery to the prevacuolar compartment (PVC) prior to reaching the 
vacuole. Soluble proteins without targeting signals are secreted out of the 
plasma membrane (PM) while transmembrane proteins without targeting signals 
are likely destined to the vacuole for degradation (Denecke et al., 1990; Gomez 
and Chrispeels, 1993; Jiang and Rogers, 1998; Neuhaus and Rogers, 1998; Tse 
et al., 2004; Robinson et al., 2005; Mo et al., 2006). Recently, the ER export 
signals were identified in the p24 family proteins where the diaromatic motif 
was essential for ER export of type I transmembrane proteins (Langhans et al., 
2008). 
Endocytosis is another vital process of the cell. In clathrin-dependent 
endocytosis, proteins on the PM are internalized as receptor-ligand complexes 
into CCVs for reaching early endosomes where the receptors are recycled back 
to the PM while early endosomes mature into late endosomes, prior to reaching 
the lysosome or vacuole. The TGN and PVC have been identified as early and 
late endosomes respectively in plant cells where TGN is characterized as 
tubular-vesicular structures whereas PVCs are identified as multivesicular 
bodies (MVBs) (Gruenberg, 2001; Tse et al., 2004; Geldner and Jurgens, 2006; 
Lam et al., 2007a; Lam et al.，2007b). Figure 1.1 shows protein trafficking in the 
plant secretory and endocytic pathways. 
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Figure 1.1. The plant secretory pathway and its relationship with 
endocytosis. 
Proteins synthesized in the rER are transported to the Golgi apparatus for 
sorting at the TGN. Soluble proteins without vacuolar targeting signals are 
secreted outside of the cells while those with specific vacuolar targeting 
signals are recognized by VSRs and carried to the PVC in a 
clathrin-dependent manner prior to reaching the vacuoles. Proteins to be 
endocytosed from the plasma membrane (PM) are enclosed in CCVs and 
carried to the TGN for sorting. The secretory and endocytic pathways merge 
at the TGN, where the TGN and PVC serve as the early and late endosomes 
respectively in plant cells. rER, rough endoplasmic reticulum; TGN, 
trans-GoXgi network; VSR, vacuolar sorting receptor; PVC, prevacuolar 
compartment; CCV, clathrin-coated vesicle. 
1.2 PVC Proteomics Analysis Led to the 
Identification ofAtEMP 
To further study PVC biogenesis and PVC-mediated protein trafficking in plant 
cells, our lab has recently taken a proteomic approach to isolate PVCs and TGN 
in Arabidopsis {Arabisopsis thaliand) suspension cultured cells to be used in 
LC-MS/MS analysis for protein identification, which has led to the 
identification of more than 300 proteins from each isolated organelles. One of 
the identified proteins ATIG14670 belongs to the endomembrane protein 70 
kDa (EMP70) superfamily. There are ten members of this family protein in 
Arabidopsis，termed AtEMPl-10 and known collectively as AtEMPs in this 
study. 
1.3 EMP70 Family Proteins 
1.3.1 General structure of EMP70 proteins 
EMP70 is a recently identified family of integral membrane proteins common to 
yeast, animal and plant cells. EMP70 members show a highly conserved 
structure with a signal peptide (SP), followed by a long hydrophilic N-terminal 
domain (NT) of about 220-280 amino acids, nine conserved transmembrane 
domains (TMDs) and end with a short hydrophilic C-terminus tail (CT) (Figures 
1.2 and 1.3). Their predicted molecular weights are all around 70 kDa. 
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Figure 1.2. von Heijne hydrophathy analysis of the Arabidopsis 
endomembrane protein 70 kDa AT1G14670 (AtEMPT). 
Numbers in brackets indicate putative transmembrane domains (TMDs). SP, 
signal peptide. 
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Figure 1.3. Predicted topology and structure of AtEMPT. 
Numbers in brackets indicate putative transmembrane domains. Red 
numerals represent amino acid position. All EMP70 family members share 
this general structure, though the N-terminal hydrophilic domains of 
AtEMPl-5 are about 50 amino acids longer. SP, signal peptide; TMD, 
transmembrane domain; C, C-terminal; N, N-terminal. 
1.3.2 EMP70 in other organisms 
Members of the EMP70 superfamily have been reported in various organisms. 
In yeast {Saccharomyces cerevisiae) they are known as Tmnl-3 that were 
identified from the late endosome fraction (Singer-Kruger et al., 1993; Froquet 
et al., 2008). The human {Homo sapiens) EMP70s are also known as the 
transmembrane 9 superfamily (TM9SF) proteins with TM9SF1-4 that localized 
to an endosomal compartment (Chluba-de et al., 1997; Schimmbller et al., 1998; 
Sugasawa et al., 2001). Three EMP70 genes have been identified in fruit fly 
{Drosophila melanogaster), where knockout mutants of TM9SF4 in Drosophila 
displayed defects in phagocytosis and reduced immunity to Gram-negative 
bacteria resulting from an impaired actin cytoskeleton (Bergeret et al., 2008). 
The slime mould Dictyostelium discoideum possesses Phgla-c that may be 
involved in the endocytic pathway as signal modulators (Cornillon et al., 2000; 
Benghezal et al., 2003; Froquet et al , 2008). Of particular interest, regulation of 
lysosome secretion was disturbed in phgl a/b double knockout mutants and 
lysosomal enzymes were erroneously secreted (Froquet et al., 2008). 
1.3.3 EMP70 proteins in Arabidopsis 
BLAST search based on the sequence of ATIG14670 revealed ten putative 
homologs in Arabidopsis, named AtEMPl-10 (Table 1.1) that belong to the 
endomembrane protein 70kDa (EMP70) superfamily with unknown function 
but widely distributed in eukaryotes (Singer-Kruger et al., 1993; Chluba-de et 
al., 1997; Schimmoller et al., 1998; Cornillon et al., 2000; Sugasawa et al., 2001; 
Benghezal et al., 2003; Bergeret et al., 2008; Froquet et al., 2008). As with other 
EMP70 proteins, AtEMPs share a common structure beginning with a signal 
peptide (SP)，followed by a hydrophilic N-terminal domain (NT), nine 
conserved transmembrane domains (TMDs) and end with a hydrophilic 
cytosolic tail (CT) (Figure 1.3). Analysis of a neighbor-joining tree of EMP70 
members (Figure 1.4) shows that the interspecific similarity is higher than 
intraspecific similarity, indicating that the EMP70 family proteins may have 
diverged early in the course of evolution and thus different members may 
perform distinct functions. 
AtEMPs can be further divided into two subgroups (Sugasawa et al., 2001; 
Benghezal et al., 2003). AtEMPl-5, with their longer N-terminal domain and 
the sequence "FYLPGVAP" after the signal peptide, belong to subgroup II, 
whereas AtEMP7-10，with their shorter N-terminal domain and the sequence 
"VGP(F/Y)(H/N)NP(Q/S)ETY" around position 50, are subgroup I. All 
AtEMPs within the same group share more than 40% identity at the amino acid 
level, while the identity among different groups is around 30%. Table 1.2 shows 
a comparison of AtEMPs identity compared to selected EMP70 members. 
1.4 Accession Numbers 
The accession numbers and TAIR loci of AtEMPl-10 used in this study are as 
stated in Table 1.1. Accession numbers for EMP70 proteins in other organisms: 
Tmnl，S000004073; Tmn2，S000002514; Tmn3, S000000915; TM9SF1, 
015321; TM9SF2, Q99805; TM9SF3，Q9HD45; TM9SF4，Q92544; Phgla， 
AJ318760; Phglb, AJ507828; and Phglc，AJ507829. 
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Table 1.1. AtEMPl-10 used in this study 
AtEMP TAIR locus Accession number 
Predicted molecular mass of 
protein product (kDa) 
1 AT5G10840 NM_121122^ 74.468 
2 AT5G25100 Q9C5N2 74.12 
3 AT2G24170 Q8RWW1 73.352 
4 AT1G55130 Q9C720 73.623 
5 AT3G13772 Q9LIC2 74.234 
6 AT5G35160 NMJ22907^ 71.054 
7 AT1G14670 Q940S0 68.084 
8 AT2G01970 Q9ZPS7 68.049 
9 AT5G37310 Q9FHT4 68.079 
10 AT1G10950 Q940G0 66.893 
a NCBI reference mRNA numbers are given instead because accession numbers 
were not found. 
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Table 1.2. Homology between various AtEMPs as compared to other 
EMP70 proteins. 
AtEMP 
1 2 3 4 5 6 7 8 9 10 
AtEMPl 
AtEMP2 93% 
AtEMP3 80% 79% 
AtEMP4 71% 71% 71% 
AtEMPS 72% 72% 72% 89% 
AtEMP6 41% 41% 41% 41% 42% 
AtEMPT 29% 29% 31% 31% 31% 25% 
AtEMPS 29% 29% 31% 31% 31% 25% 93% 
AtEMP9 30% 29% 30% 31% 31% 25% 82% 82% 
AtEMPlO 30% 30% 30% 29% 29% 26% 40% 39% 39% 
Phgla 48% 49% 47% 49% 50% 35% 28% 28% 29% 28% 
Phglb 29% 29% 29% 28% 29% 24% 47% 47% 46% 39% 
Phglc 24% 24% 24% 24% 25% 20% 20% 20% 20% 20% 
TM9SF1 29% 29% 29% 29% 28% 26% 45% 45% 45% 36% 
TM9SF2 45% 45% 45% 44% 46% 37% 27% 27% 27% 28% 
TM9SF3 29% 29% 29% 29% 29% 25% 35% 35% 34% 54% 
TM9SF4 48% 48% 47% 47% 48% 37% 29% 29% 30% 31% 
Tmnl 34% 34% 33% 36% 35% 31% 26% 25% 26% 25% 
Tmn2 33% 33% 33% 33% 33% 29% 24% 24% 25% 25% 
Tmn3 23% 24% 24% 24% 24% 19% 19% 19% 19% 18% 
Values are given as a percentage of amino acid identity using protein sequence 
clustalW alignment performed by Mac Vector 7.2 analysis package (Accelrys, 
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Figure 1.4. Phylogenetic analysis of EMP70 family proteins. 
The tree was constructed using neighbor joining in MEGA 4.0 software with 
500 bootstrap replicates. The number at each node represents the percentage 
of bootstrap trees which also resolve that clade，i.e. the higher the number, the 
more likely that similarity was not the result of chance. 
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1.5 Research Objectives 
In plants, Arabidopsis AtEMPs have been identified in proteomics studies 
(Jaquinod et al., 2007; Mitra et al.，2007; Schmidt et al., 2007) and a mapping 
study suggested that AtEMPs localized to the Golgi apparatus (Dunkley et a l , 
2006). However, little is known about plant EMPs in terms of their subcellular 
localization and function. Thus, the objective of this study is to determine the 
subcellular localization of selective AtEMPs (AtEMPS and AtEMPlO) using a 
combination of biochemical, immunocytochemical and transgenic approaches. 
Specific objectives of this thesis research were as follows: 
(1) To generate tobacco (Nicotiana tabacum) BY-2 cells expressing 
AtEMP-GFP fusions. 
(2) To generate anti-AtEMPs antibodies using synthetic peptides. 
(3) To generate selective GFP-tagged AtEMP fusions to be expressed in 
Arabidopsis protoplasts for subcellular localization study. 
(4) To use anti-AtEMPs antibodies in immunogold electron microscopy (EM) to 
further identify compartments with EMP70 proteins in plant cells. 
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Chapter 2 
Generation and Characterization of 
Transgenic Tobacco BY-2 Cell Lines 
Expressing Selective AtEMP-GFP 
Fusions 
2.1 Introduction 
As the first step to study the functions of AtEMPs, I study the subcellular 
localization of AtEMPs using transgenic tobacco BY-2 cell lines expressing 
GFP-tagged AtEMPS or AtEMPlO. GFP is a widely used fluorescent dye to 
study subcellular localizations (Chalfie et al., 1994). Full length of the proteins 
were used since very little was known about AtEMPs. Since no predicted 
targeting sequence was found in AtEMPs, GFP was fused at the C-terminus to 
avoid effect on the signal peptide. These AtEMP-GFP constructs were all under 
the control of the constitutive 35S CaMV promoter and the 3' NOS terminator 
(Figure 2.2A). The constructs were transformed into BY-2 cells via 
Agrobacterium-m&6\diiQ& transformation (Tse et al., 2004) for the generation of 
stable cell lines. 
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2.2 Materials and Methods 
2.2.1 RNA extraction and cDNA generation 
Leaves from 4-week-old wild-type (WT) Arabidopsis leaves (Columbia ecotype) 
were ground to powder and then mixed with ImL Trizol (Invitrogen). The 
mixture was allowed to stand in room temperature for 30 min before mixing 
with 200 \iL chloroform, standing in room temperature for 3 min, and 
centrifuged at 12,000 g for 15 min at 4°C. The aqueous layer was mixed with 
0.5 mL isopropanol and let to stand in room temperature for 10 min before 
centrifuging as before for 10 min. The pellet was washed with 75% ethanol in 
DEPC H2O before centrifuging as before for 5 min. The pellet was dried before 
dissolving in 30 fxL DEPC H2O. 
3 |L4,g of dissolved RNA was made up to 8 |jL with DEPC H2O and treated 
with 1 \iL Promega RQl DNAse I and 1 i^L lOX DNAse buffer at 37°C for 40 
min before adding 1 \iL stop solution and incubated at 65°C for 15 min. Then, 1 
|LIL oligoDT primer at 500 |ag mL"^  was added and incubated at 72�C for 10 min. 
A master mix containing 5X FS buffer 4 dNTP lOmM 1 [iL, DTT 2 i^L was 
added and incubated at 42°C for 2 min. 1 |LIL SS II Reverse Transcriptase 
(Invitrogen) was added and incubated at 42�C for 2 min followed by 72�C for 10 
min. The final volume was 20 \iL and 1 \iL was taken for PGR. 
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2.2.2 Construct making 
All constructs used for tobacco BY-2 cell transformation were derived from 
plasmids with a pBI121 backbone (Chen et al., 2003). All fluorescent fusion 
constructs contain the cauliflower mosaic virus (CaMV) 35S promoter and the 
nopaline synthase (NOS) terminator. The required sequences of individual 
AtEMP were amplified by PGR from cDNA generated from wild-type 
Arabidopsis thaliana plants (Colombia ecotype) with the primers listed in Table 
2.1. Purified PGR products were then ligated into the vector pBI121 (Figure 2.1). 
Constructs were validated by sequencing (Tech Dragon, Hong Kong). 
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Table 2.1. Primers used to generate AtEMP-GFP fusions. 
Primer 
Name 


































AtEMPlO K s t ^ m NOS 
pBI121 
Figure 2.1. Generation of C-terminus GFP-tagged AtEMPlO 
(AtEMPlO-GFP) constructs for Agrobacterium-mtdvsiiQd transformation 
of tobacco BY-2 cells (pBI121) using cDNA from wild-type Arabidopsis 
leaves (Columbia ecotype). 
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2.2.3 Bacterial strains 
Escherichia coli strain DH5a was used as a host for plasmid manipulation and 
maintenance. Agrobacterium tumefaciens strain LBA4404 possessing helper Ti 
plasmid pAL4404 was used in tobacco BY-2 cell transformation. 
2.2.4 Transformation of BY-2 cells 
The constructs of AtEMP-GFP in pBI121 were transformed into BY-2 cells by 
Agrohacterium-m.Q6\dLXQdi method. The plasmids were first introduced into 
Agrobacterium (strain LBA4404) by electroporation before used to transfect 
wild-type tobacco BY-2 cells as described previously (Tse et al., 2004; Lam et 
a l , 2007a). A tube of 30 [xL of frozen A. tumefaciens LBA4404 competent cells 
was thawed on ice. Then, 1 |iL of plasmid DNA was added and kept on ice for 1 
min. The mixture was transferred to a pre-chilled 0.2 cm electroporation cuvette 
(Bio-Rad, Hercules, CA). An electric pulse of 25 |aF，2.5 kV and 600 Q was 
applied with the use of Gene Pulser (Bio-Rad, Hercules, CA). 1 mL of YEP 
medium (1% (w/v) Bacto yeast extract, 1% (w/v) Bacto Peptone, 0.5% (w/v) 
NaCl, pH7.0) was added immediately after the pulse. The bacterial suspension 
was then shaken at 200 rpm at 28�C for 2 hr before spread on YEP agar plate 
containing kanamycin (50 mg L'^) and streptomycin (100 mg L] ) and grown at 
28°C for 2 days. Transformants were checked by colony PCR. 
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Transformed A. tumefaciens was cultured in 2 mL YEP medium 
supplemented with kanamycin (50 mg L"^ ) and streptomycin (100 mg L"^), and 
shaken at 200 rpm at 28°C for 16 hr. Then, 200 |iL was withdrawn and 
co-cultivated with 4 mL of three-day-old wild type suspension BY-2 cells at 
28�C for 2 days in dark. 
Transfected BY-2 cells were transferred onto 1% Murashige and Skoog 
(MS) (Sigma-Aldrich; St. Louis, MO) (Murashige and Skoog, 1962) agar plates 
containing kanamycin (50 |ag mL]) and cefotaxime (250 fig inL'^) and 
incubated at room temperature for 3 to 4 weeks in dark until transformed 
colonies were visible. Resistant cell colonies were subjected to preliminary 
screening for GFP signals and patterns via confocal fluorescence microscopy. 
Selected transgenic cell lines were further transferred into MS liquid medium 
containing kanamycin to initiate suspension culture and used for subsequent 
analysis. Transgenic BY-2 cell lines were maintained by subculturing twice per 
week in liquid MS medium at room temperature (25°C) on a shaker set at 125 
rpm or twice per month on 1% MS agar plates supplemented with kanamycin 
(50 啊 L - i ) . 
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2.2.5 Confocal fluorescence screening of tobacco BY-2 cells 
Three-day-old callus was resuspended in 200 i^L of MS medium and screened 
by fluorescence microscopy using Eclipse 80i compound microscope (Nikon, 
Tokyo, Japan) equipped with GFP filter. The fluorescence intensity was 
recorded arbitrarily, and cell lines expressing strong signals and typical patterns 
were selected and cultured in suspension for other studies. 
2.2.6 Drug treatments 
Two drugs are used in this study to identify different organelles in the plant 
secretory and endocytic pathways. Brefeldin A (BFA) at low concentrations (5 
to 10 |j.g mL-i) inhibits COPI transport from Golgi to the endoplasmic reticulum 
and causes aggregation of Golgi stacks while PVCs are unaffected (Sciaky et al.， 
1997; Nebenfuhr et al , 2002; Tse et al , 2004). TGN is sensitive to BFA and 
forms aggregates that are close to but distinct from the BFA-induced Golgi 
aggregates (Richter et al., 2007). Wortmannin, an inhibitor of 
phosphoinositol-3-kinase, does not affect the Golgi but causes homotypic fusion 
of PVCs so that they appear as ring-like structures under confocal microscope. 
Wortmannin also causes redistribution of proteins from early endosome or TGN 
to late endosome or PVC in plants cells as well as fusion of these two 
endosomes (Matsuoka et al., 1995; Di Sansebastiano et a l , 1998; Bright et al., 
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2001; Tse et al.，2004; Miao et al., 2006; Lam et al•，2007a; Wang et al.，2009). 
Drug treatment by BFA or wortmannin were performed as previously 
described (Tse et al., 2004; Miao et al., 2006; Lam et al., 2007a; Miao et al., 
2008). Three-day-old suspension cultures of BY-2 cell lines or Arabidopsis 
PSB-D protoplasts at 16 hr post-electroporation were incubated with aliquots of 
stock solutions of BFA (Sigma-Aldrich, St. Louis, MO; stock solution at 2.5 mg 
ml/i in DMSO) or wortmannin (Sigma-Aldrich; stock solution at 1 mM in 
DMSO) at 1:1 ratio to give respective final concentrations (BFA at 10 j^ g mL"^; 
wortmannin at 16.5 |iM) and incubated for 1 hr before direct imaging, or fixed 
for confocal immimofluoresecence microscopy, or high pressure frozen for EM 




2.3.1 Western blot analysis of tobacco BY-2 cell lines 
expressing AtEMP-GFP fusions 
I carried out western blot analysis on proteins isolated from both transgenic 
BY-2 cells and control WT cells using GFP antibodies generated from 
recombinant GFP (Lam et al., 2007a). As shown in Figure 2.2B, GFP antibody 
detected a protein band at about 90kDa mainly in the cell" membrane (CM) 
fractions of transgenic BY-2 cell lines expressing either AtEMP8-GFP (lane 6) 
or AtEMPlO-GFP (lane 8). No such protein band was detected in proteins from 
the wild-type (WT) BY-2 (lanes 1 and 2) and WT Arabidopsis PSB-D cells 
(lanes 3 and 4). The 90-kDa protein band may represent the fusion between 
25kDa GFP and the 66-68kDa of AtEMPs. Taken together, these results 
indicated that both AtEMP8-GFP and AtEMP 10-GFP were properly expressed 
in these newly generated transgenic BY-2 cell lines where the GFP signals may 
be derived from the full fusion proteins. 
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Figure 2.2. Generation and characterization of transgenic tobacco BY-2 
cell lines expressing AtEMP-GFP fusion. 
A, Examples of chimeric GFP constructs used in this study. GFP was fused at 
the C-terminus of AtEMPs, generating various AtEMP-GFP constructs. The 
fusions were expressed under the control of the cauliflower mosaic virus 35S 
promoter and the 3' NOS terminator. 
B, Westem-blot analysis of transgenic BY-2 cells. Cell soluble (CS) and cell 
membrane (CM) proteins were isolated from the control wild-type (WT) 
Arabidopsis PSB-D cell line, WT BY-2 cell line, and transgenic BY-2 cell 
lines expressing AtEMP8-GFP or AtEMPlO-GFP fusions as indicated, 
followed by proteins separation via SDS-PAGE and westem-blot analysis 
using GFP antibodies. Asterisk indicates position of the full-length 
AtEMP8-GFP and AtEMPlO-GFP fusion proteins. M, molecular mass in 
kilodaltons. 
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2.3.2 Subcellular localization of AtEMP-GFP fusions to the 
PVC in transgenic BY-2 cells 
Transgenic tobacco BY-2 cell lines expressing AtEMP8-GFP or AtEMPlO-GFP 
showed punctate signals under fluorescence microscopy (Figure 2.3). These 
punctate signals could represent either Golgi，TGN or PVC (Tse et al.，2004; 
Miao et al., 2006; Lam et al., 2007a). To further find out the identity of these 
GFP-tagged punctate organelles, drug treatment studies using BFA and 
wortmannin were carried out. 
Upon BFA treatment at 10 |j,g mL"^  for 1 hr, the punctate signals of 
AtEMP8-GFP or AtEMPlO-GFP became aggregated, suggesting Golgi and/or 
TGN localization (Figure 2.3). Interestingly, treatment with wortmannin at 16.5 
[iM for 1 hr also induced aggregation of the signals, rather than the ring-like 
vacuolated structure of PVC (Figure 2.3). In addition, both AtEMP8-GFP or 
AtEMPlO-GFP were found to be largely colocalized with the PVC marker 
anti-VSR in transgenic tobacco BY-2 cells expressing these GFP fusions (Figure 
2.4), indicating the possible PVC localization of AtEMP-GFP fusions. 
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Untreated BFA + Wort 
Figure 2.3. Confocal analysis of GFP signals in living transgenic BY-2 
cells expressing AtEMP-GFP fusions. 
Transgenic BY-2 cells expressing AtEMP8-GFP or AtEMPlO-GFP as 
indicated were either untreated, treated with BFA at 10 jig mL'^  for 1 hr, or 
wortmannin (Wort) at 16.5 \xM for 1 hr before confocal imaging. The 
corresponding DIC images of the studied cells are shown. Inserted images 
are enlarged examples of targeted signals. Scale bar = 50 fim. 
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Figure 2.4. AtEMP-GFP partially colocalized with VSRs. 
Transgenic BY-2 cells expressing AtEMP8-GFP or AtEMPlO-GFP (green) 
were fixed and labeled with VSR antibodies (red) before confocal imaging. 
Arrows indicated examples of colocalization between these two signals. 
Die, differential interference contrast. Scale bar = 50 |im. 
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2.4 Summary 
Tobacco BY-2 cell lines expressing the fusions AtEMP8-GFP and 
AtEMPlO-GFP have been generated. The fusion protein is about 100 kDa as 
recognized by anti-GFP. AtEMP-GFP fusions showed punctate signals in BY-2 
cells, and formed aggregates upon BFA treatment. However, they also form 
aggregates after wortmannin treatment. This suggested TGN or PVC 
localization. Further experiments were needed to show the subcellular 
localization of AtEMPs. 
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Chapter 3 
Generation and Characterization of 
Antibodies Against Various AtEMPs 
3.1 Introduction 
Since GFP fusion may not necessarily represent the endogenous protein 
localization, I also generated AtEMP antibodies using synthetic peptides 
corresponding to the hydrophilic regions. Antigenic index plot (Jameson and 
Wolf, 1988)，Kyte and Doolittle hydrophilicity test (Kyte and Doolittle, 1982) 
and von Heijne transmembrane test (von Heijne, 1992) were carried out to 
select antigenic hydrophilic non-transmembrane regions. A total of 19 antigenic 
regions were selected for peptide synthesis to be used for antibody production 
(Figure 3.1 and Table 3.1). Affinity-purified antibodies were screened by both 
western blotting and confocal immunofluorescence microscopy for their 
cross-reactivity and specificity. Antibodies which recognized the corresponding 
band of overexpressed fusion proteins or with good signals in confocal 
immunofluorescence microscopy were chosen for further studies. 
3 2 
3.2 Materials and Methods 
3.2.1 Generation of antibodies 
Synthetic peptides corresponding to various regions of different AtEMPs as 
illustrated in Table 3.1 were synthesized (GenScript, Piscataway, NJ) and 
conjugated to mariculture keyhole limpet hemocyanin (mc-KLH) before 
immunization of two to four rabbits by the company or at the CUHK animal 
house. Antibodies were purified by affinity chromatography using a column 
made with synthetic peptide conjugated to CNBr-activated Sepharose 
(Sigma-Aldrich; St. Louis, MO) as previously described (Rogers et al.，1997). 
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150 200 25卩 300 350 400 450 500 550 
Position 
c a: 24SDASDHRYKDGDS36 
b: 44 VGPFHNPSETYRYFD ss 
c: 66GVKDKKEAL74 
d: 89 KLNFRDEKDSEVYC102 
e: i38GKVDKESKSDPSEFi5i 
f： I80HSLVDLTEDKEVDA 193 
g: 256 DFMKYAQDEEAADDQEETGWKYIHG 281 
h: 417 lAGKNSKAEFQAPVRTTKYPREIPPLPWYRS. 
Figure 3.1. Generation of various AtEMP antibodies. 
A, Structure of AtEMPS with different domains. 
B, Hydropathy plot of AtEMPS. Shaded regions, indicated by a to h, 
represent the regions for synthesizing peptides to be used for antibody 
generation. 
C, Amino acid sequences of the synthetic peptides. Segments c and f were 
not used to raise antibodies because of low antigenicity. 
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Table 3.1. AtEMP antibodies. 
AtEMP Antibody ID ‘ Antigenic peptide 
Position in 
AtEMP b 
AtEMP2a 32 GVAPQDFEKGDELKVKVNKL 51 NT 
AtEMP2c 68 CRPKKIVDSTENLG 81 NT 
AtEMP2e 164 GLKGQYEGSKEQKYFM 179 NT 
2 AtEMP2f 210 VKHEYEGQWSEKTRLTTC 227 NT 





T M D 5 - 6 
4 AtEMP4c 64 CKPPKILNTGENLG 77 NT 
AtEMP6d 55 lENSPYRFRMFKNE 68 NT 
6 
AtEMP6h 467 VRTNQIPREIPAQKC 480 T M D 5 - 6 
7 AtEMP7a 24 SDASDHRYKEGDTV 37 NT 
AtEMPSa 24 SDASDHRYKDAGDS 36 NT 
AtEMPSb 44 VGPFHNPSETYRYFD 58 NT 
AtEMP8d 89 KLNFRDEKDASEVYC 102 NT 








T M D 5 - 6 
AtEMP 1 Of 175 TQDNPRPLEAGKKM 188 NT 
10 AtEMPlOg 247 LRNDYAKYAREDDD 260 TMD 1 - 2 
AtEMP 1 Oh 428 CRVKTIPRPIPEKK441 TMD 5 - 6 
See Figure 3.1 for illustration using AtEMP8. 
NT, N-terminal domain; TMD, transmembrane domain. 
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3.2.2 Screening of antibodies 
3,2,2,1 SDS-PAGE and western blot analysis 
Suspension cultured cells of rice OS (WT), Arabidopsis PSB-D (WT) and 
tobacco BY-2 (WT, AtEMP8-GFP and AtEMPlO-GFP) cell lines were dried by 
filter paper put on a funnel connected to a vacuum pump. The cells were flash 
frozen in liquid nitrogen and homogenized using 200 [lL 5X protein extraction 
buffer (Tris-HCl 250 mM, NaCl 750 mM, EDTA 5 mM, PMSF 0.5 mM, 
Leupeptin 25 mL'^). The homogenates were centrifuged at 14,000 rpm for 20 
min at 4°C. Supernatants were collected as cell soluble (CS) fraction. Pellets 
were resuspended in 400 }jL IX protein extraction buffer as cell membrane (CM) 
fraction. SDS was added to both CS and CM fractions to a final concentration of 
1%. CS fractions were used directly. CM fractions were centrifuged at 14,000 
rpm for 5 min at 4°C, and the supernatants were collected for use. Samples were 
not heated since the problem of protein aggregation appeared after the usual 
boiling of samples, which is common for highly hydrophobic membrane 
proteins (Sagne et al.，1996). 
After extraction, 10 }jL of each sample were loaded for a testing gel. 
Protein samples were mixed with 5X sample loading buffer (0.0625 M Tris-HCl, 
pH 6.8，5% SDS, 1% (3-mercaptoethanol, 10% glycerol, 0.01% bromophenol 
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blue), followed by separation with SDS-PAGE performed using Bio-Rad 
(Hercules, CA) Mini-PROTEAN 3 equipment with 12% acrylamide gel soaking 
in electrode buffer (0.025 M Tris, 0.19 M glycine and 0.1% SDS，pH 8.3) at 90 
V for 30 min and 120 V for 120 min. The amount of protein loaded was 
evaluated by Coomassie blue staining and each sample was then rectified for 
equal loading (10 )jL for the least abundant sample). A new round of 
SDS-PAGE followed and western blot was then performed 
For western blot, proteins resolved on gel were transferred to nitrocellulose 
membrane (0.2 |j.m, PROTEAN, Whatman, Dassel，Germany) in transfer buffer 
(10 mM NaHCOs and 3 mM NasHCOj) at 55 V for 90 min using Mini 
Trans-Blot Cell (Bio-Rad, Hercules, CA). The membrane was then blocked in 
PBS with 5% skimmed milk powder at room temperature (RT) for 2 hr before 
washing in PBST (0.1% (v/v) Tween 20 in PBS) three times for 10 min each 
and incubated with 4 |ig mL"^  primary antibody at 4°C overnight. Afterwards, it 
was again washed with PBST three times for 10 min each and incubated with 
HRP-conjugated anti-rabbit secondary antibody (Amersham) at 1:8000 dilutions 
at RT for 45 min. Finally, the membrane was washed three times with PBST for 
10 min each and subjected to non-radioactive detection using Amersham ECL™ 
Western Blotting Detection Reagents (GE Healthcare, Piscataway, NJ). 
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3,2.2,2 Confocal immunofluorescence studies 
Fixation and preparation of Nicotiana tabacum BY-2 cells and their labeling 
and analysis by epifluorescence and confocal immunofluorescence have been 
described previously (Jiang and Rogers, 1998; Jiang et al.，2000; Li et al., 2002). 
Three-day-old Nicotiana tabacum BY-2 cells expressing AtEMP8-GFP or 
AtEMPlO-GFP were fixed in 37% (w/v) paraformaldehyde dissolved in 
Na-phosphate buffer (50 rtiM sodium phosphate buffer, pH 7.0，5 mM EGTA， 
0.02% (w/v) Azide) at 4°C overnight. Afterwards, the cells were washed two 
times with Na-phosphate buffer and incubated for 20 min with 1% (w/v) 
Cellulysin cellulase (Calbiochem, La Jolla, CA). After two more washes with 
Na-phosphate buffer, the cells were treated with 0.1% (v/v) Triton X-100 before 
washed two times in blocking buffer B1 (1% (w/v) BSA dissolved in PBS). 
The settings for collecting confocal images within the linear range were as 
described (Jiang and Rogers, 1998). Fixed cells were incubated with rabbit 
polyclonal primary antibodies at 8 [ig mL"^  dissolved in blocking buffer B2 
(PBS, 0.25% (w/v) BSA, 0.25% (w/v) gelatin, 0.05% (v/v) NP-40, 0.02% (w/v) 
sodium azide) at 4°C overnight. Then, they were washed in B2 for three times 
and incubated with Alexa Fluor-568 secondary antibody (Molecular Probes, 
Eugene, OR) at 1:400 for 1 hr at room temperature, finally washed with B2 
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three times before confocal imaging. Confocal fluorescent images were 
collected using a Bio-Rad Radiance 2100 system (Bio-Rad, Hercules, CA), or 
Olympus 1X81 Motorized Inverted Microscope (Olympus, Center Valley, PA). 
The settings for collecting confocal images within the linear range were as 
described (Jiang and Rogers, 1998). Images were processed using Adobe 
Photoshop software (Adobe Systems, San Jose, CA) as previously described 
(Jiang and Rogers, 1998). All experiments were repeated at least twice with 
similar results. 
3.3 Results 
3.3.1 AtEMP antibodies recognized EMP70 proteins in plant 
cells 
In general, antibodies generated from using synthetic peptides corresponding to 
the loop between TMDl and TMD2 (AtEMP lOg) or between TMD5 and TMD6 
(AtEMP2h, AtEMP6h and AtEMP8h) gave good signals in confocal 
immunofluorescence experiments. In western blot analysis, these antibodies 
recognized a major protein band around 60kDa in the CM fraction of protein 
extracts from BY-2, Arabidopsis and rice cells (Figure 3.2). Since the predicted 
sizes of AtEMP and AtEMP-GFP are about 70 and 100 kDa respectively, such 
60kDa protein band may represent processed EMP70 in plant cells. 
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Interestingly, AtEMP8-GFP or AtEMPlO-GFP expressed in transgenic 
tobacco BY-2 cells only showed partial colocalization with their corresponding 
anti-AtEMP8h or anti-AtEMPlOg (Figure 3.3). Some GFP-marked organelles 
were not labeled by the antibodies, and vice versa there were some punctate 
structures labeled by the antibodies did not contain GFP signal. 
3.3.2 Organelles marked by anti-AtEMPs are closely 
associated with the Golgi apparatus 
To further find out the localization of AtEMP proteins, I next performed 
immnuofluorescent labeling study using anti-AtEMPs in transgenic tobacco 
BY-2 cells expressing the Golgi marker GONSTl-YFP (Baldwin et al., 2001; 
Tse et al., 2004). As shown in Figure 3.4, GONSTl-YFP-marked Golgi were 
largely separated from the PVCs labeled by anti-VSR (panel 1). In contrast, 
anti-AtEMPs were largely colocalized or closely associated with the Golgi 
marker (panels 2-5). Similarly, in cells treated with BFA at 10 )j.g mL'^ for 1 hi 
prior to fixation and subsequent labeling (Figure 3.5), anti-AtEMPs were largely 
colocalized with the Golgi marker GONSTl-YFP in the BFA-induced 
aggregates (panels 2-5) that are distinct from the VSR-positive PVCs (panel 1). 
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To further confirm the separation of anti-AtEMPs from PVCs， 
immmunofluoresent labeling was also carried out in transgenic BY-2 cells 
expressing the PVC marker GFP-BP-80 (Tse et al.，2004; Miao et al.，2006). As 
shown in Figure 3.6，all tested anti-AtEMPs were found to be largely separated 
from the PVC marker GFP-BP-80 (panels 2-5) that was colocalized with 
anti-VSR (panel 1). Similarly, in cells treated with wortmannin (Figure 3.7)，all 
tested anti-AtEMPs remained separated from the vacuolated GFP-tagged PVCs 
in transgenic BY-2 cells expressing the PVC marker GFP-BP-80 (panels 2-5). 
Taken together, all these results indicated that anti-AtEMPs likely localized to 
Golgi apparatus but separate from the PVC in plant cells. 
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Figure 3.2. Western blot characterization of AtEMP antibodies. 
Cell soluble (CS) and cell membrane (CM) proteins were isolated from 
wild-type (WT) rice {Oryza sativa) OS cells (lanes 1 and 2)，WT Arabidopsis 
PSB-D cells (lanes 3 and 4)，WT BY-2 cells (lanes 5 and 6)，transgenic BY-2 
cell lines expressing AtEMP8-GFP (lanes 7 and 8) or AtEMP 10-GFP (lanes 
9 and 10), followed by separation via SDS-PAGE and western blot analysis 
with indicated antibodies. Asterisks indicate the position of AtEMP8-GFP 
and AtEMP 10-GFP fusion proteins. Arrows indicate a protein band around 
60kDa in CM fractions detected by AtEMP2h, AtEMP6h and AtEMP lOg 
antibodies, which may represent the endogenous EMP70 proteins in BY-2 
cells. M, molecular mass in kilodaltons. 
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Figure 3.3. AtEMP-GFP fusions partially colocalized with anti-AtEMP 
in BY-2 cells. 
Transgenic tobacco BY-2 cells expressing either AtEMP8-GFP (panel 1) or 
AtEMPlO-GFP (panel 2) fusions were fixed and labeled with anti-AtEMP8h 
or anti-AtEMP lOg respectively as indicated, followed by confocal imaging. 
Die, differential interference contrast. Scale bar = 50 |nm. 
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Figure 3.4. Golgi marker GONSTl-YFP is closely associated with 
anti-AtEMP. 
Transgenic tobacco BY-2 cells expressing the Golgi marker GONSTl-YFP 
were fixed and labeled with either anti-VSR (panel 1) or various anti-AtEMP 
(panels 2-5) as indicated, followed by confocal imaging. DIG, differential 
interference contrast. Scale bar = 50 |jm. 
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Figure 3.5. GONSTl-YFP colocalized with anti-AtEMP to BFA-induced 
aggregates. 
Transgenic tobacco BY-2 cells expressing the Golgi marker GONSTl-YFP 
were treated with brefeldin A (BFA) at 10 |ag mL"^  for 1 hr, followed by cell 
fixation and labeling with either anti-VSR (panel 1) or various anti-AtEMP 
(panels 2-5) as indicated, and then confocal imaging. DIC, differential 
interference contrast. Scale bar = 50 ^im. 
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Figure 3.6. The prevacuolar compartment marker GFP-BP-80 is 
separated from anti-AtEMP. 
Transgenic tobacco BY-2 cells expressing the prevacuolar compartment 
(PVC) marker GFP-BP-80 were fixed and labeled with either anti-VSR 
(panel 1) or various anti-AtEMP (panels 2-5) as indicated, followed by 
confocal imaging. DIC, differential interference contrast. Scale bar = 50 i^m. 
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Figure 3.7. The wortmannin-induced vacuolated PVC is separated from 
anti-AtEMP. 
Transgenic tobacco BY-2 cells expressing the PVC marker GFP-BP-80 were 
treated with wortmannin at 16.5 )j,M for 1 hr, followed by cell fixation and 
labeling with either anti-VSR (panel 1) or various anti-AtEMP (panels 2-5) as 
indicated, and then confocal imaging. DIC, differential interference contrast. 
Scale bar = 50 [im. 
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Antibodies specific against various AtEMPs have been generated. In addition to 
overexpressed fusions, they recognized additional protein band at about 60 kDa 
which may represent processed EMP70 proteins in plants. In confocal 
immimofluoresence experiments, anti-AtEMPs partially colocalized with 
AtEMP-GFP fusions in tobacco BY-2 cells. It was found that anti-AtEMPs 




Subcellular Localization of 
GFP-tagged AtEMP Fusions via 
Transient Expression 
4.1 Introduction 
The results obtained so far seem to be controversial: while the AtEMP-GFP 
fusion was found to localize to PVCs whereas the endogenous EMPs as 
detected by the newly generated anti-AtEMPs were found to colocalize with the 
Golgi marker GONSTl-GFP in transgenic tobacco BY-2 cells. Such difference 
between AtEMP-GFP and anti-AtEMPs could be due to either the GFP fusion 
affecting AtEMP targeting or the specificity of anti-AtEMPs. To address this 
issue, I also tested the subcellular localization of GFP-AtEMP fusions using a 
transient expression system recently developed in our laboratory which is a 
quick and easy way to determine the localization of unknown proteins by 
comparing with known organelle markers such as the Golgi Manl-mRPP and 
the PVC mRFP-AtVSR2 (Miao and Jiang, 2007; Miao et al., 2008). 
Using the high copy number plasmid pBI221, constructs containing GFP at 
either the N- or C-terminus of AtEMP8 and AtEMP 10 were generated (Figure 
4.1). Initially, GFP was tagged at the C-terminus (AtEMP-GFP) after full length 
AtEMPs because it was thought GFP at the N-terminus would interrupt its 
signal peptide. However, since the C-teraiinal dihydrophobic motif (lY) of all 
EMP70 members may be essential for their correct targeting (Langhans et al., 
2008) and the tagging of GFP at their C-terminus (i.e. AtEMP-GFP) may thus 
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affect their correct localization. To address this possibility, two additional 
N-terminal GFP fusions were generated for testing: GFP-AtEMP (GFP was 
fused to the N-terminus of AtEMP) and GFP-AtEMP-S (the N-terminus of 
AtEMP was replaced with GFP) (Figure 4.1). All these newly generated 
constructs were then tested for their subcellular localization using the protoplast 
transient expression system (Miao and Jiang, 2007). 
4.2 Materials and Methods 
4.2.1 Making of transient expression constructs 
Transient expression pBI221 constructs that contain the signal peptide 
sequences from the barley proaleurain (SPa) linked to GFP have been generated 
previously (Miao et al., 2006). The desired inserts were amplified by PGR using 
the primers shown in Tables 2.1 and 4.1. AtEMP2 contains Xbal and Sad sites, 
so an additional vector containing XhoI-KpnI-SacI sites was generated for its 
cloning. The inserts were ligated into existing pBI221 constructs as illustrated in 
Figures 4.2 and 4.3. 
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1. AtEMP |sp| NT h ' ^ " T T ' T 
2. AtEMP-GFP M NT g r T T T T T T T t B I ciF^ 
3. GFP-AtEMP I spa I (ii-p 1 NT B.t T T T T T T T T Q 
4. GFP-AtEMP-S I spa | cil-'h ~ f l T T T _~T~T""T T Q | 
[sp] Signal peptide of AtEMP | spa | Signal peptide of barley proaleurain 
NT N-terminal domain of AtEMP • Spacer | cii p j Green fluorescent protein 
Transmembrane domain of AtEMP Q Cytosolic tail 
Figure 4.1. Various fusion constructs for transient expression used in 
this study. 
1, Full length AtEMP; 2, C-terminus GFP-tagged constructs; 3, N-terminus 
GFP-tagged constructs; 4, N-terminal replacement constructs. 
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Figure 4.2. Generation of C-terminus GFP-tagged AtEMPlO 
(AtEMPlO-GFP) constructs for transient expression (pBI221) using 
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Figure 4.3. Generation of N-terminus GFP-tagged (GFP-AtEMPlO) and 
N-terminal replacement (GFP-AtEMPlO-S) constructs of AtEMPlO for 
transient expression using pBI221 vector and cDNA from wild-type 
Arabidopsis leaves (Columbia ecotype). 
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4.2.2 Transient expression 
Arabidopsis thaliana PSB-D suspension cultured cells were maintained in 
MS media as described previously (Miao et al.，2006; Miao et al., 2008). 
Transient expression was performed as described (Miao and Jiang, 2007). 50 
mL 5-day-old cells were pelleted by centrifugation at 1,000 rpm for 2 min and 
digested with 1% (w/v) Onozuka cellulase, 0.05% (w/v) pectinase and 0.2% 
(w/v) driselase in protoplast culture medium (4.3 g L'^  MS salts, 0.4 M sucrose, 
500 mg L-i MES hydrate, 750 mg l / CaCh • 2H2O, 250 mg L.i NH4NO3, pH 
5.7) for 3 h with shaking at 130 rpm in dark. Afterwards, the digested 
protoplasts were centrifuged at 80 g for 15 min using a swing bucket rotor 
without deceleration. A Pasteur pipette was inserted through the floating 
protoplasts layer to suck out the underlying solution by a peristaltic pump. 35 
mL of electroporation buffer (0.4 M sucrose, 2.4 g L"^  HEPES, 6 g L"^  KCl, 600 
mg L'l CaCli • 2H2O, pH 7.2) was added and the centrifugation / washing cycle 
was repeated twice. The protoplasts were resuspended to 2-5 x 1protoplasts 
per mL using electroporation buffer. Using a curtailed pipette tip, aliquots of 
500 |iL protoplasts were transferred to 0.4 cm gap electroporation cuvettes and 
mixed with 100 jiL DNA solutions containing 40 i^g of each DNA of interest 
dissolved in electroporation buffer. The mixture was allowed to stand for 10 
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min before electroporation at 130 V, 1000 |iF, oo Q. The electroporated 
protoplasts were allowed to stand for 30 min before underlying debris were 
removed and mixing with 1 mL protoplast culture medium and poured into 30 
mm X 15 mm Petri dishes. An addition 1 mL protoplast culture medium was 
added and poured into the Petri dishes. 
Transfected protoplasts were incubated at 26°C in dark before confocal 
observation. Protoplasts were observed for fluorescent signals by confocal 
microscopy at 12-18 hr after transformation. 
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4.3 Results 
4.3.1 PVC localization of AtEMP-GFP fusions 
As shown in Figure 4.4，when transiently co-expressed together in Arabidopsis 
protoplasts, AtEMP8-GFP largely separated from the Golgi marker Manl-mRFP 
(panel 1) but largely colocalized with the PVC marker mRFP-AtVSR2 to 
punctate PVCs in untreated cells (panel 2) or to vacuolated PVCs in 
wortmaimin-treated cells (panel 3). Similar results were obtained for 
AtEMPlO-GFP (Figure 4.5)，indicating PVC localization of AtEMP8-GFP and 
AtEMPlO-GFP in Arabidopsis cells. 
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Figure 4.4. AtEMPS-GFP localized to PVC. 
Arabidopsis PSB-D protoplasts were transiently co-expressed with 
AtEMP8-GFP and Manl-mRFP, or mRFP-AtVSR2, followed by confocal 
imaging (panels 1-2) or wortmannin treatment (+ Wort) at 16.5 )jM for 1 hr 
before confocal imaging. DIC, differential interference contrast. Scale bar = 
50 [xm. 
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Figure 4.5. AtEMPlO-GFP localized to PVC. 
Arabidopsis PSB-D protoplasts were transiently co-expressed with 
AtEMPlO-GFP and the Golgi marker Manl-mRFP, or the PVC marker 
mRFP-AtVSR2, followed by confocal imaging (panels 1 and 3) or BFA and 
wortmannin treatment (panels 2 and 4 respectively) before confocal imaging. 
Die, differential interference contrast. Scale bar = 50 |am. 
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4.3.2 Golgi localization of GFP-AtEMP and GFP-AtEMP-S 
fusions 
In contrast, both GFP-AtEMP and GFP-AtEMP-S were found to localize in 
Golgi apparatus in Arabidopsis cells. As shown in Figure 4.6, when transiently 
co-expressed together in Arabidopsis protoplasts, GFP-AtEMP 10 was fully 
colocalized with the Golgi marker Manl-mRPP (panel 1) but largely separated 
from the PVC marker mRFP-AtVSR2 (panel 2). Similar results were obtained 
for GFP-AtEMP 10-S, where GFP-AtEMP 10-S was found to be fiilly 
colocalized with the Golgi marker Manl-mRFP (Figure 4.7, panel 1) but largely 
separated from the PVC marker in both wortmannin-treated and untreated cells 
(Figure 4.7，panels 2-3). Almost identical results were obtained for 
GFP-AtEMP2-S expressing in Arabidopsis protoplasts (Figure 4.8). 
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Figure 4.6. The N-terminus-tagged GFP-AtEMPlO localized to the Golgi 
apparatus. 
Arabidopsis PSB-D protoplasts were transiently co-expressed with 
GFP-AtEMPlO and the Golgi marker Manl-mRFP the PVC marker 
mRFP-AtVSR2 as indicated, followed by confocal imaging. DIC, differential 
interference contrast. Scale bars = 50 |j.m. 
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Figure 4.7. The N-terminal replacement GFP-AtEMPlO-S fusion 
localized to the Golgi apparatus. 
Arabidopsis PSB-D protoplasts were transiently co-expressed with 
GFP-AtEMPlO-S and the Golgi marker Manl-mRFP or the PVC marker 
mRFP-AtVSR2 as indicated, followed by confocal imaging in the absence 
(panels 1-2) or presence (panel 3) of wortmannin. DIC, differential 
interference contrast. Scale bar = 50 陣. 
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Figure 4.8. The N-terminal replacement GFP-AtEMP2-S fusion 
localized to the Golgi apparatus. 
Arabidopsis PSB-D protoplasts were transiently co-expressed with 
GFP-AtEMP2-S and the Golgi marker Manl-mRFP or the PVC marker 
mRFP-AtVSR2 as indicated, followed by confocal imaging in the absence 
(panels 1-2) or presence (panel 3) of wortmannin. DIC, differential 
interference contrast. Scale bar = 50 )j,m. 
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4.4 Summary 
Transient expression constructs of selective AtEMPs tagged with GFP to the 
C-terminus (AtEMP-GFP), N-terminus (GFP-AtEMP) or N-terminal deletion 
(GFP-AtEMP-S) have been generated and transiently expressed in Arabidopsis 
protoplasts. Consistent with results obtained from stable cell lines, AtEMP-GFP 
fusions localizaed to the PVC. However, GFP-AtEMP and GFP-AtEMP-S 
fusions localized to the Golgi apparatus, which is consistent with antibody 
labeling. It demonstrates the existence of possible targeting motifs in the 
C-terminal region of AtEMPs. 
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Chapter 5 
Immunogold Electron Microscope 
Localization of AtEMPs 
5.1 Introduction 
To further confirm and identify the organelles containing EMP70 or 
AtEMP-GFP in plant cells, immunogold EM study using AtEMP antibodies was 
carried out. 
5.2 Materials and Methods 
5.2.1 High-pressure freezing / freeze substitution 
The general procedures for transmission electron microscopy sample 
preparation and thin sectioning of Arabidopsis PSB-D cells or tobacco BY-2 
cells were performed essentially as described previously (Ritzenthaler et al.， 
2002; Tse et al., 2004; Lam et al., 2007a). For high-pressure freezing, cells were 
harvested by filtering and immediately frozen in a high-pressure freezing 
apparatus (Leica EM PACT2; Leica Microsystems, Wetzlar, Germany). For 
subsequent freeze substitution, the frozen samples were first kept in substitution 
medium (uranyl acetate 0.2% (w/v) in acetone) at -85°C for 16 hr, and then 
warmed up gradually to -50�C over 5 hr. Substitution was performed in a Leica 
EM AFS2 freeze-substitution unit (Leica Microsystems). When the samples 
reached -50°C, the medium was replaced with 100% ethanol for 1 hr, and then 
infiltrated stepwise with Lowicryl HM20 (EMS, Washington, PA) as 33%, 66% 
and 100% HM20 in ethanol each taking 1 hr. The samples were kept at -50°C 
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for 16 hr before slowly warmed to -35�C over 4 hr, embedded, and polymerized 
under UV light. 
5.2.2 Ultra-thin sectioning 
The embedded samples were cut into 70 run-thick sections using a Reichert 
Ultracut S microtome (Leica Microsystems), and collected on nickel grids 
(GIOOH-Ni，EMS, Hatfield, PA) pre-coated with 0.6% (w/v) Formvar dissolved 
in chloroform. 
5.2.3 Immunogold labeling 
Immunolabeling on HM20 sections was done using standard procedures as 
described previously (Hohl et a l , 1996; Tse et al.，2004; Lam et al., 2007a) with 
AtEMP antibodies at 200 |Lig mL'^ or GFP antibodies at 80 ng mL' \ and 
gold-coupled secondary antibodies at 1:50 (v/v). 
5.2.4 Post-staining and transmission election microscopy 
Immimolabeled sections were post-stained in aqueous uranyl acetate (1% w/v) 
for 5 min and washed in ddEbO for 3 times, then stained with Reynolds lead 
citrate for 5 min and washed in ddHiO for 3 times. The stained sections were 
then examined with a Hitachi H-7650 electron microscope operating at 80 kV. 
Images were collected using a CCD connected to AMT V542 software. 
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5.3 Results and Summary 
AtEMPlOg labeled the Golgi apparatus in plant cells 
As shown in Figure 5.1, AtEMPlOg mainly labeled Golgi apparatus in WT 
Arabidopsis PSB-D cells (Figure 5.1，panels 1-3) whereas little labeling was 
found in MVBs (Figure 5.1, panels 4-6). Similar results were obtained in WT 
tobacco BY-2 cells, where anti-AtEMPlOg labeled Golgi stacks (Figure 5.2, 
panels 1 to 3) but not MVBs (Figure 5.2, panel 4). In addition, in transgenic 
BY-2 cells expressing AtEMPlO-GFP, anti-AtEMPlOg labeled Golgi stacks 
(Figure 5.3, panels 1 to 3) and occasionally the TGN (Figure 5.3, panel 4). 
However, no MVB was encountered in the sections investigated. Nevertheless, 
the Golgi localization of anti-AtEMPlOg explained the partial colocalization of 
AtEMPlO-GFP with anti-AtEMPlOg (Figure 3.3). Anti-AtEMPlOg recognized 
endogenous EMP70 proteins in BY-2 cells in addition to AtEMPlO-GFP (Figure 
3.2)，so the Golgi localization in Figure 5.3 represents endogenous EMP70 in 
BY-2 cells. The TGN localization may correspond to AtEMPlO-GFP engaged in 
the late secretory pathway. 
Taken together, immunogold EM data largely support the observations 
from the confocal immunofluorescent and transient expression studies. 
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Figure 5.1. Immunogold EM localization of EMP70 in Arabidopsis. 
Ultra-thin sections prepared from the high-pressure frozen/freeze substituted 
WT Arabidopsis PSB-D cells were subjected to immunogold labeling using 
AtEMPlOg antibodies. Asterisks indicate MVB. Scale bar = 500 run. 
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Figure 5.2. Immunogold EM localization of EMP70 to the Golgi 
apparatus in BY-2 cells. 
Ultra-thin sections prepared from the high-pressure frozen/freeze substituted 
WT BY-2 cells were subjected to immunogold labeling using AtEMPlOg 
antibodies. Asterisks indicate MVB. Scale bar = 500 nm. 
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Figure 5.3. Immunogold EM localization of AtEMPlO-GFP. 
Transgenic tobacco BY-2 cells expressing AtEMPlO-GFP were subjected 
to high-pressure frozen/freeze substitution for subsequent immunogold EM 
study with AtEMPlOg antibodies. Scale bar = 500 nm. 
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Chapter 6 
Discussion and Future Perspectives 
6.1 Hypothesis 
Previously, EMP70 family proteins have mostly been identified in the 
endosomes of eukaryotic cells. For example, Tmnl was found in the late 
endosome of yeast (Singer-Kruger et al.，1993), and human TM9SF2 (p76) also 
localized to an endosomal compartment (Schimmoller et al., 1998). In plant 
cells，TGN and PVC have been identified as the early and late endosomes 
respectively (Lam et al., 2007b). Since AtEMP7 was identified from the PVC 
fraction of Arabidopsis suspension cultured cells, I hypothesized that AtEMPs 
reside in the plant PVC. However, a previous mapping study suggested AtEMPs 
localized to the Golgi apparatus (Dunkley et a l , 2006); nevertheless, 
localization studies of AtEMPs as visualized by either a reporter system or using 
AtEMP antibodies have not been performed before. Therefore, in this study, I 
used both GFP fusions and AtEMP antibodies to study the subcellular 
localization of selective AtEMPs. I demonstrate that both the endogenous 
AtEMPs and GFP-AtEMPs are mostly localized to the Golgi apparatus, whereas 
AtEMPs-GFP was targeted to PVCs in plant cells. 
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6.2 Subcellular localization of AtEMPs 
6.2.1 GFP-tagged AtEMP fusions 
In transgenic tobacco BY-2 cell lines and Arabidopsis protoplasts, both 
AtEMP8-GFP and AtEMP 10-GFP fusions were found to localize to PVCs 
(Figures 2.2-2.3, 4.4-4.5), a result that is consistent with the PVC proteomic 
analysis. However, anti-AtEMP 8h and anti-AtEMPlOg only partially 
colocalized with their respective AtEMP-GFP fusions in- transgenic tobacco 
BY-2 cells (Figure 3.3), indicating the possible subcellular localization between 
AtEMP-GFP fusions and endogeneous EMP proteins as detected by 
anti-AtEMPs in BY-2 cells. Such difference could be due to the GFP fusion at 
the C-terminus of AtEMPs, causing mis-targeting of the original protein. Indeed, 
when GFP was attached to the N-terminus of AtEMPs, the resulting 
GFP-AtEMPs were found to colocalize with the Golgi marker or anti-AtEMPs 
in the Golgi apparatus. In this regard, GFP-AtEMPs and GFP-AtEMPs-S 
fusions were used to address the question whether GFP at the C-terminal 
affected correct targeting of AtEMPs, and whether the N-terminal is essential 
for targeting. As shown in Figures 4.6-4.8，GFP-AtEMP 10, GFP-AtEMPlO-S 
and GFP-AtEMP2-S fusions colocalized with Golgi marker Manl-mRFP but 
separated from PVC marker mRFP-AtVSR2. In addition, they were mostly 
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insensitive to wortmannin treatment. These results suggest that the 
N-terminus-tagged or N-terminus replacement fusions of AtEMPs localized to 
the Golgi apparatus, which agree with antibody labeling and previous mapping 
study (Dunkley et al.，2006). Also, N-terminal replacement seems to have no 
effect on the targeting of AtEMPs. They can thus be accepted as useful reporters 
to show the in vivo localization of AtEMPs. It is hypothesized that the 
C-terminal contains targeting motifs that can be blocked if tagged by the bulky 
GFR 
6.2.2 Endogenous EMP70 proteins in BY-2 cells 
Western blot analysis with anti-AtEMP showed protein bands at molecular 
weight less than 70 kDa in WT BY-2 cells (Figure 3.2), a result that would 
indicate possible processing of EMP70 proteins in BY-2 cells, which is common 
for EMP70 family proteins. For example, Tmnl in yeast is cleaved into a 
24-kDa product (Singer-Kruger et al., 1993), while the cleavage product of 
SMBP in mice is 34 kDa (Sugasawa et al., 2001). EMP70 proteins in BY-2 cells 
may exist as a processed form too. In fact, AtEMP2h, AtEMP6h and AtEMPlOg 
antibodies all recognized a strong protein band at about 50 kDa in the cell 
membrane (CM) fractions of WT Arabidopsis and BY-2 cell lines (Figure 3.2, as 
indicated by arrows), which may represent the processed form of EMP70 
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proteins in these cells. In this way, EMP70 proteins in BY-2 cells serve as 
additional reporters to show the localization of plant EMP70 family proteins. It 
is observed that anti-AtEMP labeled punctate structures that are colocalized or 
closely associated with Golgi marker GONSTl-YFP (Figure 3.4) but separated 
from PVC marker GFP-BP-80 (Figure 3.6), such Golgi localization was further 
confirmed by immunogold EM (Figures 5.1-5.3). Thus, endogenous EMP70 
proteins in BY-2 cells localized to the Golgi apparatus. 
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6.3 Targeting motifs in AtEMPs 
A recent study showed that a dihydrophobic motif consisting of tyrosine and 
phenylalanine (YF) at the C-terminus of p24 proteins might be essential for ER 
export (Langhans et al.，2008). Upon alignment of the last 14 amino acids of 
AtEMPl-10 (Figure 6.1)，a dihydrophobic motif, FT/FY，is identified at -12 to 
-11 position, while another possible dihydrophobic motif, lY/LF, is found also at 
-8 to -7 position. In fact, all known EMP70 proteins share the conserved "lY" 
motif at -8 to -7 position. Since yeast and human EMP70 proteins have been 
found to localize in the endosome by fractionation or c-myc tagging 
(Singer-Kruger et a l , 1993; Schimmoller et al., 1998), whereas AtEMPs were 
found in the Golgi apparatus in plant cells, all these results indicate that 
AtEMPs may contain distinct targeting signals required for Golgi localization or 
retention in plant cells. 
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AtEMPl LW FT RL lY SSVKID 
AtEMP2 LW FT RL lY SSVKID 
AtEMP3 FW FT RL lY SSVKID 
AtEMP4 LW FV RK lY SSVKID 
AtEMPS FW FV RK lY SSVKID 
AtEMP6 FW FV HY LF SSVKLD 
AtEMP7 LL FV RH lY RSIKCE 
AtEMPS LL FV RH lY RSIKCE 
AtEMP9 LL FV RH lY RSIKCE 
AtEMPlO NL FV RR lY RNIKCD 
Figure 6.1. Alignment of C-terminal regions of AtEMPl-10. 
Two hydrophobic motifs can be identified: FT/FY at-12 to -11 (red box), and 
lY/LF at -8 to -7 (green box). These highly conserved motifs may be essential 
for ER export as well as Golgi retention. 
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6.4 Conclusions 
I demonstrated that both endogenous AtEMPs and GFP-AtEMPs localize to 
Golgi apparatus whereas AtEMP-GFP was targeted to PVCs, indicating the 
presence of targeting sequences in the cytosolic tail of AtEMPs. The unique 
Golgi localization of AtEMPs, rather than the PVC localization of EMPs in 
yeast and animal cells, may implicate their distinct functions in plants. 
The subcellular localization of AtEMPs is likely affected by intrinsic 
targeting signals since the N-terminal-tagged GFP-AtEMP, N-terminal-replaced 
GFP-AtEMP-S fusions and anti-AtEMPs all suggested Golgi localization of 
AtEMPs in plant cells, which is consistent with mapping study (Dunkley et al., 
2006). Since the Golgi-localization of Arabidopsis AtEMPs is different from the 
endosome-localization of EMP70 proteins in yeast and animal cells, such 
difference imply that plant EMP70 proteins may have distinct functions in 
plants than that in yeast and animal cells. In conclusion, the present study will 
serve as the basis to further investigate the functions of AtEMPs in plants. 
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6.5 Future perspectives 
6.5.1 Targeting motifs 
Transient expression using constructs with mutated potential targeting motifs in 
AtEMPs can be used to study the effects of these motifs on the subcellular 
localization of AtEMPs. The dihydrophobic motifs may be essential for ER 
export, so the mutated fusions may be retained in the ER. Alternatively, Golgi 
retention signals may be disrupted and the fusions may go down the secretory 
pathway towards the vacuole. In addition, there may also be targeting signals on 
the N-terminal region which can be studied using deletion constructs. 
6.5.2 Functional studies 
The presence of multiple members and high similarity may indicate some level 
of overlap between different AtEMPs, especially within the same subgroup. Our 
lab has generated single knockout Arabidopsis mutants but they seemed to show 
normal growth. In the future, double or triple knockout plants, which have the 
most similar AtEMPs knockout altogether, can be used to address the issue. 
Complementation experiment can then be applied to study whether individual 
AtEMP can replace the role of similar members. Moreover, functions of 
AtEMPs can also be studied using co-immunoprecipitation by AtEMP 
antibodies to pull down AtEMPs and their interacting partners. 
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